Aim: Cerebrovascular disease (CVD) is a major determinant of the prognosis in end-stage renal diseases (ESRD). The purpose of this study was to examine whether factors associated with arterial stiffness contributed to the development of CVD in patients with ESRD. Methods: CVD (lacunes and carotid/intracranial artery stenosis) was evaluated with brain magnetic resonance imaging (MRI), and carotid/intracranial artery magnetic resonance angiography (MRA) in 44 pre-dialytic patients. The severity of CVD was evaluated by the number of lacunes and the degree of stenosis, respectively. The association between CVD and atherosclerotic parameters was evaluated. Results: Patients with severe lacunes (n 18) manifested older age, lower diastolic blood pressure, serum creatinine and albumin, and higher CRP and serum calcium than those with absent-moderate lacunes (n 26). When assessed by multivariate analysis, only baPWV was adopted as an independent risk factor for severe lacunes. Furthermore, baPWV and i-PTH were associated with the severity of carotid/intracranial artery stenosis, both of which were independent of other risk factors, including age and diabetes. Conclusions: Arterial stiffness may constitute a novel determinant predicting the severity of CVD in pre-dialytic patients besides classical risk factors.
tion of cerebrovascular disease in pre-dialytic and pre-transplant chronic kidney disease (CKD) patients remain undetermined.
Although atherosclerosis represents the pathological processes of the vascular wall, several lines of investigation have delineated functional vascular stiffness using a more clinically available procedure, brachial-ankle pulse wave velocity (baPWV). With this method, previous studies showed that the level of PWV paralleled the incidence of coronary heart disease in hypertensive patients, and suggested PWV as a useful independent predictor of cardiovascular disease 10, 11) . The role of baPWV or other atherogenic factors in the development of cerebrovascular disease, however, has not been examined fully in patients with end-stage renal disease (ESRD).
In the present study, we attempted to characterize cerebrovascular damage in pre-dialytic and pretransplant patients. We hypothesized that baPWV
Introduction
Cerebrovascular disease has been established as one of the major causes of death among patients with chronic kidney disease 1, 2) . Several lines of studies have revealed a high incidence of cerebrovascular accidents in chronic dialysis patients [3] [4] [5] and kidney transplant recipients [6] [7] [8] . Furthermore, silent cerebral infarction, including lacunes, is frequently observed in patients on hemodialysis, which is recognized as a predictive marker for major stroke and vascular events 9) . Nevertheless, factors responsible for the progression of atherosclerosis and their associated markers for the detec-predicted silent cerebrovascular damage as well as coronary heart disease 10, 11) , and therefore examined the relationship between cerebrovascular damage and baPWV in patients with ESRD.
Subjects and Methods

Study Protocol
This study was a cross-sectional study performed in Saiseikai Nakatsu General Hospital (Osaka, Japan) and Keio University Hospital (Tokyo, Japan). Fiftythree subjects with ESRD (CKD stage 5) but not receiving dialysis therapy gave written informed consent between September 2002 and September 2008. Among these patients, nine candidates were excluded from the study due to episodes of major stroke in their medical history, clinically apparent symptoms related to cerebrovascular disorder (i.e. transient ischemic attacks; TIA) or peripheral artery disease (defined as an ankle brachial pressure index 0.9) and sustained atrial fibrillation. In the remaining 44 patients, the effects of various factors, including baPWV, on cerebrovascular damage were evaluated. The medical history was obtained for all patients; ischemic heart disease was defined as having angina pectoris and old myocardial infarction was confirmed with ECG/ coronary angiography and medical history.
Brain MRI and carotid/intracranial MR angiography (MRA) were examined to assess cerebrovascular damage, including lacunes and carotid/intracranial artery stenosis. Although the potential occurrence of nephrogenic systemic fibrosis prevented the use of gadolinium-containing contrast medium 12) , clinically reliable high resolution images were still obtainable [13] [14] [15] . The prevalence of lacunes and carotid/ intracranial artery stenosis was further compared between the diabetes (DM) group and the non-DM group. Lacunes and stenosis were evaluaed by experienced stroke neurologists and confirmed by radiologists, both performed in a blind fashion without the patients' clinical information. The institutional ethics committee approved the protocol.
Evaluation of baPWV and Cerebrovascular Damages
The baPWV was evaluated using a pulse pressure analyzer (model BP-203RPE; Nihon Colin, Komaki, Japan). Prior to measurement of baPWV, patients were advised to have a 15-minute rest, during which their heart rate settled to 60 to 80 beats/min. Silent cerebral infarction and lacunar infarction were evaluated with MRI whereby brain images were obtained in 10 mm thick slices. Lacunes were defined as small (diameter 15mm) high-intensity lesions on T2-weighted images, with a corresponding distinctive low-intensity area on T1-weighted images 16) . The degree of lacunes has been reported to be classified into 3 grades; normal-mild (total number of lacunes: 1 − 3), moderate (4 − 10) and severe ( 10) 17) . In this study, however, normal-mild and moderate groups were combined because the patients with normal-mild lacunes were very few in our ESRD patient population.
MRA was obtained using the 3-dimensional timeof-flight gradient echo technique for intracranial and carotid arteries 18) . Evaluation of arterial stenosis was conducted in five arteries, i.e., bilateral middle cerebral arteries, bilateral internal carotid arteries and basilar artery. The levels of stenotic changes were initially classified into the following grades; normal, mild (signal reduction 50%), moderate (signal reduction 50%), severe (focal signal loss with the presence of distal artery signal) and occlusion 13, 18) . Because very few subjects fell into the normal, severe and occlusion groups, the patients were divided into two groups (normal-mild group and moderate-severe stenosis and occlusion group).
Data Analysis
Statistical analysis was performed using the SPSS 12 software package (SPSS, Chicago, USA). All variables were tested for distribution normality using the Shapiro-Wilk test. Normally and non-normally distributed variables were expressed as the mean SD and the medians (25 to 75 percentiles), respectively. The clinical features were analyzed by unpaired t -test for normally distributed continuous variables, by the Mann-Whitney U test for non-normally distributed variables and by 2 test for categorical variables. Variables showing significant differences between the normal to moderate group and severe group by univariable analysis were entered into multilinear regression analysis to elucidate the influence of each variable on the development of lacunes. Similarly, multivariate logistic regression analysis was performed to determine whether each variable contributed to the progression of moderate to severe stenosis and occlusion without the influence of other variables. Differences with p 0.05 were considered significant. Table 1 shows the profiles of the patients enrolled in this study. Among 44 patients enrolled, 18 patients (i.e., 40.9%) had severe lacunes, and were older than those with absent to moderate lacunes (p 0.006).
Results
Cerebral Lacunes
There was no predilection for DM or ischemic heart disease in patients with severe lacunes (p 0.329 and p 0.135, respectively). The rate of the use of antihypertensive agents, including ACE inhibitors, angiotensin receptor blockers (ARB) and Ca antagonists, as well as other drugs (statins and calcium-based phosphate binders) did not differ between these two groups (data not shown).
The patients with severe lacunar infarction had greater levels of baPWV (p 0.019), serum albumincorrected calcium (cCa, p 0.038) and CRP (p 0.042), and manifested lower DBP (p 0.009), serum creatinine (p 0.035) and serum albumin (p 0.018, Table 1 ). SBP or other factors, such as total cholesterol, LDL-cholesterol and triglyceride, did not affect the level of lacunes significantly. The number of lacunes was correlated with baPWV (r 0.349, p 0.022, Fig. 1A ) as well as age (r 0.375, p 0.012, Fig. 1B) . Similarly, the number of lacunar infarctions was inversely associated with DBP (r 0.352, p 0.019, Fig. 1C ). Serum albumin or CRP levels, however, did not correlate with the number of lacunar infarctions (p 0.117 and 0.791, respectively; Fig. 1D, 1E) .
To elucidate the specific contribution of each parameter to lacunar infarction, multilinear regression analysis was conducted. Thus, the number of lacunes was significantly associated with baPWV (coefficient 0.926, p 0.039; Table 2 ). In contrast, the number of lacunar spots was not directly correlated with other parameters, including age and DBP.
Carotid/Intracranial Artery Stenosis
Among forty-four patients enrolled, eleven patients (25.0%) had moderate to severe stenosis and occlusion of the carotid/intracranial artery. There was no significant difference in the use of anti-hypertensive drugs between the normal to mild stenosis group and moderate to severe and occlusion group (data not shown). As shown in Table 3 , a higher prevalence of DM was noted in the moderate to severe stenosis and occlusion group (p 0.004). BaPWV was markedly greater and serum intact-parathyroid hormone (i-PTH) levels were lower in the moderate to severe stenosis and occlusion group than the normal to mild stenosis group (p 0.016 and p 0.036, respectively). Other parameters, however, did not differ between these two groups.
The results of multivariate logistic regression analysis are shown in Table 4 . The level of PWV was significantly associated with the development of severe The number of cerebral lacunes was correlated positively with baPWV (A) and age (B) and negatively with diastolic blood pressure (DBP; C). The number of lacunes tended to be associated with serum albumin levels (D) and CRP (E).
A B C D E
stenosis and occlusion, with an adjusted odds ratio of 1.544 (1.015 − 2.348, p 0.042). Similarly, i-PTH levels contributed negatively to severe stenosis and occlusion (odds ratio; 0.875, p 0.033). The adjusted odds ratio for DM was 7.219 (0.487 − 107.040), but it did not achieve statistical significance (p 0.151). Serum albumin levels tended to be negatively associated with severe stenosis and occlusion (odds ratio; 0.753, p 0.097).
Discussion
A growing body of evidence has been accumulated that CKD constitutes a critical determinant of the progression of arterial stiffness and cardiovascular disease 19) . This clinically important issue has been focused on intensively because of the recently wellrecognized topic, i.e., cardio-renal continuum 20) . Numerous factors are supposed to contribute to the development of cerebrovascular disease and atherosclerosis, including glucose/lipid metabolism, calciumphosphorus handling and blood pressure in ESRD. Nevertheless, the contribution of these factors to the development of cerebrovascular events has not been fully determined. Furthermore, it remains unclarified whether other diagnostic parameters reflect the severity of cerebrovascular disease.
The present study has demonstrated that patients with ESRD exhibit various degrees of lacunar infarction. Furthermore, univariate analysis shows that the number of lacunes is correlated positively with baPWV (r 0.349) and age (r 0.375), and negatively with DBP (r 0.352, Fig. 1) . When confounding factors such as age and DM are eliminated by multilinear regression analysis, only PWV is adopted as a significant risk factor for the development of lacunar infarction (p 0.039, Table 2 ). These findings lend support to the premise that arterial stiffness and the subsequent insults are linked to lacunar infarction. In this regard, Van-Popele et al. 21) reported in a population-based study targeting elderly subjects that the carotid-femoral PWV was strongly associated with atherosclerosis at various vascular sites, and suggested that aortic stiffness could be used as an indicator of generalized atherosclerosis. Although lacunar infarction results from the occlusion or severe stenosis of small penetrating cerebral arteries, our finding could indicate that baPWV is an appropriate marker for damage to cerebral arteries and consequently lacunar infarction in patients with ESRD. Further studies are required, however, to confirm this hypothesis.
Of note, reductions in DBP are associated with the number of lacunes (Fig. 1C) . It is well established that atherosclerotic changes in the aortic wall reduce DBP, which is deemed an ominous sign of developing cardiovascular accidents 22, 23) . To the extent that low DBP jeopardizes cerebral perfusion 24, 25) , silent lacunar infarction is a predictor of cardiovascular events 9) . Similarly, patients with severe lacunes manifest greater CRP levels than those with absent to moderate lacunes ( Table 1) , thus suggesting vascular inflammation and loss of integrity of vascular function 26) . Nevertheless, multivariate analysis shows no correlation between DBP and the number of lacunes or between CRP and the number of lacunes ( Table 2) . In this regard, the number of lacunes is well correlated with age ( Fig. 1B) . Furthermore, in our preliminary analysis, we found that both DBP and CRP are significantly associated with age (DBP; r 0.452, p 0.002, CRP; r 0.343, p 0.023). Collectively, although our current study fails to demonstrate gender, DBP and CRP per se as a strong independent risk factors for the development of lacunes ( Table 2) , these factors could contribute to lacunar infarction through multifaceted mechanisms that are modified by age.
Several lines of studies have disclosed that nutritional status not only constitutes a critical determinant of the development of cardiovascular events but also contributes to the prognosis of hemodialysis patients 27) . Furthermore, the idea has emerged that malnutrition, inflammation and atherosclerosis serve in concert to promote the development of cardiovascular disease (MIA syndrome) 28) . In the present study, we have shown that serum albumin levels are lower and CRP is higher in ESRD patients with severe lacunes ( Table 1) . Indeed, serum albumin levels per se are inversely correlated with an increased risk for cardiovascular death in ESRD 29) , and a strong association has been reported in peritoneal dialysis patients between arterial stiffness and nutritional markers, of which serum albumin is representative 30) . Furthermore, evidence has accrued that atherosclerosis reflects the vascular inflammatory process 31) and CRP is recognized as a surrogate marker of atherosclerosis 32) and a predictor of ischemic stroke 33) . Together, the nutritional status presumably contributes to the development of lacunes, and serum albumin levels may be regarded as a novel marker of cerebrovascular disease in ESRD patients. To the extent that cerebral infarction is a consequence of atherosclerosis, the association between CRP and lacunar infarction is reasonably anticipated in patients with ESRD as well as patients on hemodialysis 34) .
In the present study, we have found that baPWV is higher in patients with moderate to severe carotid/ intracranial artery stenosis or occlusion than in those with normal to mild stenosis (p 0.016, Table 3 ). Multivariate regression analysis also reveals a greater odds ratio for PWV in moderate to severe stenosis or occlusion (i.e., 1.544, p 0.042; Table 4 ). Moreover, DM is more frequently seen in patients with moderate to severe stenosis and occlusion (p 0.004, Table 3 ) though the odds ratio for DM does not attain statistical significance (7.219, p 0.151; Table 4 ). Although multiple factors mediate the structural changes in carotid/intracranial artery stenosis, the underlying mechanism is supposed mainly to be atherosclerosis, resulting in plaque formation and intima-media wall thickening (IMT). Indeed, PWV is reported to be positively correlated with carotid artery IMT and negatively with luminal diameter 35) . Our present findings therefore suggest that atherosclerotic changes contribute to carotid/intracranial artery stenosis and occlusion; baPWV serves substantially to detect silent cerebral damage that may be a prodrome of major stroke in patients with ESRD. Furthermore, the presence of DM apparently favors the carotid/intracranial artery stenosis and occlusion.
The role of PTH in cerebrovascular injury merits comment. Although the consensus on Ca metabolism in ESRD suggests optimal ranges of Ca/phosphate/ PTH 36) , this issue has not been endorsed by compelling evidence. Previous studies showed the deleterious effects of excess PTH on cardiovascular events in ESRD 37) . In the present study, serum i-PTH levels are lower in moderate to severe stenosis and occlusion than in normal to mild stenosis ( Table 3) . Moreover, low i-PTH levels are a risk factor for severity of stenosis independent of DM and age ( Table 4 ). It has been shown that low i-PTH is linked to coronary calcification in dialysis patients 37) , which is based on the notion that low bone turnover due to low PTH reflects reduced bone Ca-phosphate buffering capacity 38) . Indeed, serum Ca was higher in patients with i-PTH 150 pg/mL than in those with i-PTH ≥ 150 pg/mL (data not shown). Our findings are therefore compatible with this opinion and would provide crucial information on the status of carotid/ intracranial artery.
In conclusion, the present study has revealed the close association between cerebrovascular damage and arterial stiffness, as expressed by the elevation in PWV, in patients with ESRD. Furthermore, novel parameters (DBP, serum albumin, CRP and i-PTH) in addition to classical risk factors (age and DM) serve to promote the progression of cerebrovascular disorder. Our observations therefore suggest that these parameters constitute predictive markers for the development of cerebrovascular accidents, and would further provide a reliable guide for the establishment of a therapeutic strategy for patients with ESRD.
